The use of ruthenium complexes as chemotherapeutic agents has been recently explored as one of the alternatives to conventional treatments. In the present study, two Ru(II) polypyridyl complexes were synthesized and characterized: a strained [Ru(bipy) 2 (BC)]Cl 2 (complex 1) where [bipy ¼ 2,2 0 -bipyridine and BC ¼ bathocuproine] along with the unstrained control [Ru(bipy) 2 (phen)]Cl 2 (complex 2) where [phen ¼ 1,10-phenanthroline]. The photophysical and photochemical analyses proved that unlike the photostable complex 2, complex 1 ejected both bipy and BC ligands at a ratio of 3 : 1 respectively.
Introduction
The accidental discovery of cisplatin as a chemotherapeutic drug paved the way to the extensive research on metal-based anticancer agents. Metal complexes have distinct properties and diverse mechanisms of action that might differ from other chemotherapies. 1 Cisplatin, oxaliplatin and carboplatin are platinum complexes used clinically for the treatment of many types of cancer such as head, neck, lung, ovarian and bladder cancers. 2 However, their clinical application has been limited by adverse side effects, toxicity and development of resistance by cancer cells. 3 To overcome these constraints, research has been directed towards platinum derivatives as well as other metalbased chemotherapeutic agents. 4 More recently, ruthenium has gained a lot of interest mainly due to distinct features that could potentially convey selectivity towards cancer cells. 5 The advantage of these drugs could mostly be attributed to their potential selectivity to cancer cells through intrinsic or extrinsic mechanisms, such as photochemotherapy. Advantageous properties of ruthenium-based drugs include (i) the ability of some complexes to achieve different oxidation states in biological media, 5 (ii) the possibility to design Ru(III) prodrugs that can be selectively reduced to the active Ru(II) drugs by the hypoxic environment of cancer cells, 6 (iii) the possible exchange between Oand N-ligands which can allow binding to biological targets like nucleic acids in a way similar to cisplatin, 5 and (iv) intracellular transport by transferring receptors that are overexpressed in cancer cells. 7 Selectivity of Ru(II) complexes has been further exploited by the use of light-mediated activation of Ru(II) prodrugs through mechanisms including photodynamic therapy (PDT) and photoactivated chemotherapy (PACT). 8 Unlike PDT, the mechanism of PACT is oxygen-independent which is an advantage since the environment of cancer cells is known to be hypoxic. 9 Ru(II) polypyridyl complexes are particularly attractive for PACT because of their tunable photophysical and photochemical properties. 10 While most of these complexes are photostable, some can undergo ligand photosubstitution reactions that result from distortions in the octahedral geometry. 11 Photodissociation typically occurs following the population of the 3 d-d state which is thermal accessed from the 3 MLCT excited state. 12 PACT exploits several mechanisms to induce cytotoxicity depending on the photoactivation strategy employed. 8 Ejection of the straining ligand upon irradiation oen leads to the formation of aqua complexes that can interact with DNA similarly to cisplatin. 8 We have recently reported the quantitative ejection of the non-straining ligand bipy in [Ru(bipy) 2 dpphen] 2+ [where bipy ¼ 2,2 0 -bipyridine and dpphen ¼ 2,9-diphenyl-1,10-phenanthroline] and the formation of aquated photoproduct. 13 Other groups evaluated the photochemistry and photobiology of similar Ru(II) bipyridine complexes in water where aqua complexes like [Ru(bipy) 2 (H 2 O) 2 ] 2+ and [Ru(bipy) 2 (H 2 -O)(OH)] + were produced upon dissociation of the straining ligand. Photoproducts were proved to damage DNA by variable mechanisms including DNA binding, intercalation, or cleavage. 12, [14] [15] [16] Other ligand frameworks with similar binding potential to DNA have also been investigated. [17] [18] [19] The cytotoxic species in Ru-based PACT is not necessarily the aqua complex formed. In this respect, our group demonstrated that the dissociating ligand 2,9-dimethyl-1,10-phenanthroline (dmphen) in [Ru(bipy) 2 (dmphen)]Cl 2 exhibited higher toxicity on ML-2 acute myeloid leukemia cells as compared to [Ru(bipy) 2 (H 2 O) 2 ] 2+ and cisplatin. 20 Likewise, Bonnet and coworkers conrmed that the phototoxicity of [Ru(bipy) 2 -(dmbipy)] 2+ was primarily attributed to the ejected ligand 6,6 0dimethyl-2,2 0 -bipyridine (dmbipy) rather than the ruthenium bisaqua complex which was proved to be less potent. 21 Turro et al. also exploited the ability of a Ru(II) complex to act as a caging molecule for the active ligand 5-cyanouracil (5CNU) which inhibited pyrimidine catabolism when photoejected from the Ru(II) center. 22 Importantly, we have recently demonstrated that 4,7-diphenyl-1,10-phenanthroline ligands signicantly enhance the uptake and biological activity of Ru(II) complexes. 23 In the current study, a sterically strained Ru(II) bipyridyl complex [Ru(bipy) 2 (BC)]Cl 2 (complex 1) [where BC ¼ bathocuproine] has been synthesized along with the unstrained control [Ru(bipy) 2 (phen)]Cl 2 (complex 2), Fig. 1 . The aim of introducing the BC ligand was to create steric strain around the ruthenium center due to the methyl groups at the 2,9-positions and increase lipophilicity of the drug by introducing phenyl groups at the 4,7-positions of the 1,10-phenanthroline ligand. Here, the photochemistry of complex 1 was studied and photolysis products were analyzed.
The in vitro cytotoxicity in the dark and upon light-activation was then evaluated on a panel of cell lines and compared to the control (complex 2). The cellular uptake of complexes 1, 2 and the BC ligand were assessed using LC-MS/MS and rationalized based on their lipophilicity. Finally, the apoptotic potential of complex 1 was investigated using Annexin V/PI staining ow cytometry and plasmid DNA gel electrophoresis experiments.
Experimental

Instrumentation
The instrumental parameters used for 1 H NMR, 13 C NMR, MALDI-TOF MS, LC-MS/MS and irradiation were previously reported. 13 Elemental analysis and HR-ESI MS were performed at Atlantic Microlab and Michigan State University respectively. Cell death was assessed by Annexin V/PI staining, using a C6 ow cytometer (BD Accuri, Ann Arbor, MI) and data were analyzed on FL1-H versus FL2-H scatter plot.
Materials cis-Bis(2,2 0 -bipyridine)dichlororuthenium(II) hydrate [Ru(bipy) 2 Cl 2 $2H 2 O], bathocuproine (BC), 1,10-phenanthroline (phen), dowex 22 chloride, stationary phase material (Sephadex LH 20), DMEM medium, penicillin G sodium salt, FBS, and all other chemicals and solvents were purchased from Aldrich. Formic acid and LC-MS grade water were from Fisher Chemical. WST-1 reagent was from Roche©. Annexin V-Fluorescein Isothiocyanate (Annexin V-FITC) and Propidium Iodide (PI) apoptosis/necrosis detection kit was from Abcam (Cambridge, MA) and all cell lines were received from ATCC.
Synthesis of [Ru(bipy) 2 (BC)](PF 6 ) 2 (complex 1)
Synthesis was performed following a slightly modied published method. 24 Briey, Ru(bipy) 2 Cl 2 $2H 2 O (100 mg, 0.19 mmol) and BC (74.25 mg, 0.21 mmol, MW 360.45 g mol À1 ) were mixed in 8 mL ethylene glycol and the solution was degassed for 1 h under argon and reuxed in a pressure vessel (260 C for 6 h). The product was then cooled at room temperature and ltered through micropores (PVDF sterile syringe lters, 33 mm, 0.45 mm, Millipore® Millex®). The hexauorophosphate (PF 6 ) salt was precipitated by adding a saturated aqueous solution of KPF 6 dropwise and purication was achieved by column chromatography on sephadex LH 20 column (methanol). Yield: 179.7 mg, 89%. 1 13 Synthesis was performed according to a published procedure. 25 
Study of the photochemistry of complexes 1 and 2 by 1 H NMR and LC-MS/MS
The photochemistry of complex 1 (PF 6 salt) was evaluated by 1 H NMR in deuterated acetonitrile (CD 3 CN) and LC-MS/MS was performed on the chloride form of the complex to establish whether the photochemical transformation is similar in water. Complex 2 was assessed by LC-MS/MS and all analyses were conducted with and without irradiation. For 1 H NMR, photoactivation was performed at an output of 100 mW cm À2 for 6 h (high concentration) as compared to 35 min for LC-MS/MS (low concentration). BC and bipy ligands were also independently inserted into the MS to enable their identication in the spectra. The dissociation ratio of BC and bipy was determined by 1 H NMR analysis of the photolyzed complex as well as LC-MS/MS using a 1 : 1 bipy : BC solution as a standard.
Comparison of the stability of complex 1 between dark and light conditions by UV/vis spectroscopy
The chloride salt of complex 1, [Ru(bipy) 2 (BC)]Cl 2 ] was dissolved in water and irradiated with blue LED light (460 nm, 100 mW cm À2 ) or incubated in the dark for different durations. UV/vis absorption spectra were then recorded at each time point using the same parameters for all conditions tested.
Lipophilicity
log P values were measured for complexes 1 and 2 according to a modied procedure. 26 Briey, 0.5-2 mg of the chloride form of the complex were dissolved in 1 mL water saturated with octanol. 1 mL octanol saturated with water was then added and the mixture was shaken at 1400 rpm for 1 h at room temperature. Complete separation of the aqueous and organic phases was obtained by centrifugation at 4300 rpm for 10 min. The lower aqueous phase was then aspirated using a glass syringe while degassing through the octanol phase to prevent any traces of octanol from contaminating the needle. The two phases were sequentially aspirated, and UV-vis absorption spectra were recorded. log P values were computed using the following formula:
where C is concentration as determined by photometric measurements.
Quantication of cellular uptake by LC-MS/MS
Preparation of calibration standards. Cellular uptake of complexes 1 and 2 as well as the free ligand BC was measured by LC-MS/MS based on external standards. Briey, 3, 6, 9, 12, 15 , and 37.5 mM working stock solutions were prepared from primary stock solutions and diluted with cell extract (A549 cells extracted with acetonitrile) to obtain 0.02, 0,04, 0.06, 0.08, 0.1, and 0.25 mM solutions. These samples were used for the calibration curves which were obtained by plotting the peak areas (measured by LC-MS/MS) against concentrations. The LC-MS/MS conditions are listed in Table 1 .
Cellular uptake
Human alveolar adenocarcinoma cells (A549) were seeded in 6-well plates at a nal concentration of 1.2 Â 10 5 cells per well and allowed to adhere overnight at 37 C/5% CO 2 . 3 mM of complex 1, complex 2, or BC were then added, and the medium was decanted immediately, or else plates were le in the dark for 1, 3, 6, 12, or 24 h at 37 C/5% CO 2 . Aer removing the supernatant, cells were washed with PBS containing 1.5% DMSO (3 times) and harvested by scraping in the presence of 1.5 mL acetonitrile (used as the extraction solvent). Cells were then completely lysed using an ultrasonic homogenizer (model 150VT; continuous mode at medium power for 1 min) and compounds were extracted in the supernatant by centrifugation at 13 000 rpm for 10 min. Concentrations were obtained by LC-MS/MS based on the calibration curves designed above and results were reported as mean AE SEM (n ¼ 4).
Isolation of mesenchymal stem cells (MSCs) from rat bone marrow
Animals. A single, 12 weeks old rat was provided by the animal facility at the Lebanese American University. The animal was maintained under optimal laboratory conditions and received food and water ad libitum. All experiments were approved by the University's Animal Care and Use Committee (ACUC) and complied with the Guide for the Care and Use of Laboratory Animals. [27] [28] [29] [30] Harvesting and culture of MSCs. MSCs were isolated from rat bone marrow according to a modied procedure. 31 Briey, the rat was sacriced by CO 2 asphyxiation and both hind legs were aseptically removed. Femoral and tibial bones were then isolated and washed with EtOH and 1% PBS. The bone marrows were ushed out using a needle lled with DMEM containing 10% FBS and 1.5% pen-strep. The cells collected were then cultured in a 75 cm 2 ask and incubated at 37 C with 5% CO 2 . MSCs were isolated following the classical adhesion method. 32 In brief, aer 48 h incubation, cells were washed with 1% PBS to remove non-adherent cells and the medium was changed frequently until cells reached high conuency (around 90%). MSCs were identied by their spindle-shaped morphology as observed under inverted microscope (Nikon Eclipse TE300). 31 
Cell viability assay
Cell survival assays were performed on human alveolar adenocarcinoma A549, murine melanoma B16-F10, human colon adenocarcinoma Caco-2, human colorectal adenocarcinoma HT-29 and triple negative human breast adenocarcinoma MDA-MB-231 cell lines treated with complexes 1 and 2, cisplatin, bipy, and BC, as previously described. 13 Briey, DMEM containing 10% FBS and 1.5% pen-strep at 37 C with 5% CO 2 was used to maintain cells. The latter were seeded and allowed to adhere at a concentration of 10 4 cells per well in a 96 well-plate. Drugs were added to the media at different concentrations using 3-fold serial dilution. Cells were incubated with drugs for 12 h followed by 35 min exposure to light (LED Engin, 460 nm peak wavelength and 100 mW cm À2 power output) or else the plates were le in the dark. Cell survival was measured using WST-1 kit (Roche©) aer 72 h incubation. Three independent experiments were performed, each comprised of triplicate measurements. To test the activity of complex 1 on normal cells, the isolated MSCs were treated with the complex using the same conditions described for cancer cells.
Analysis of cell death by ow cytometry
The type of cell death was determined by ow cytometry using a modied protocol. 33, 34 Briey, B16-F10 cells were treated with complex 1 (10 mM) and irradiated as described above or le in dark conditions. Aer 24 h incubation at 37 C/5% CO 2 , cells were harvested and treated for 5 min with PI (5 mg mL À1 ) and FITC-conjugated annexin V antibody (5 mg mL À1 ) at 37 C. Annexin V/PI data were then analyzed by ow cytometry on FL1-H versus FL2-H scatter plot.
Assessment of DNA damage by gel electrophoresis
The plasmid (pUC8) was added to 10 mM potassium phosphate buffer (pH 7.4) in a 96-well plate followed by treatment with complex 1 at 10 or 200 mM concentrations. Plates were then irradiated at 460 nm (100 mW cm À2 ) or le in the dark. Aer 12 h incubation, DNA suspensions were mixed with loading dye and electrophoresis was performed in the presence of a negative control (untreated pUC8) on a 2% agarose gel containing 0.1 mg mL À1 ethidium bromide (AppliChem, USA) and TAE buffer (Tris base, acetic acid and EDTA). The gel was then visualized using Bio-Rad ChemiDoc™ gel imaging system.
Statistical analysis
The results were analyzed for statistical signicance using oneway analysis of variance (ANOVA). Values of the different tested parameters within each group are presented as mean AE SEM. All data were analyzed with the statistical package SPSS 18, and differences between groups were considered statistically signicant if p-value < 0.05. The IC 50 values were calculated using the nonlinear regression curve with the use of Graph Pad Prism version 5.0 soware for Windows.
Results and discussion
We report here the synthesis, characterization, and photochemotherapeutic activity of [Ru(bipy) 2 BC] 2+ . The incorporation of methyl groups on the 2,9-positions of the 1,10-phenanthroline ligand near the Ru(II) coordination sphere imparts a steric strain on the Ru(II) complex. The latter likely distorted the octahedral geometry of the complex, making it photochemically labile and thus prone to photolysis.
When the complex absorbed visible light (460 nm), ligand ejection occurred. This can be attributed to the population of the dissociative triplet metal-centered state ( 3 *dd) from the triplet metal-to-ligand charge transfer band ( 3 *MLCT). The MLCT absorption of complex 1 was rst assessed by UV/vis. The band was centered around 454 nm whereas the average extinction coefficient was 22 000 AE 2460 M À1 cm À1 in acetonitrile ([Ru(bipy) 2 BC](PF 6 ) 2 ), Fig. 2 . The maximum peak in the UV range (287 nm) can be assigned to intra-ligand p / p* transition. An LED system with a peak wavelength of 460 nm (light output ca. 100 mW cm À2 ) was therefore utilized as the excitation source for all photochemical and photobiological studies. UV-vis performed on complex 1 in the dark indicated that the compound is thermally stable at room temperature. However, upon exposure to blue light (100 mW cm À2 , 460 nm), complex 1 undergoes a photochemical ligand displacement reaction that leads to the depletion of the starting material with MLCT absorbance maximum at 455 nm and the formation of ruthenium aqua complexes with a red-shied absorption maximum around 490 nm. The half-life of complex 1 under those irradiation conditions was $2 minutes, Fig. 3 . 1 H NMR spectra were obtained to determine the photolysis products of complex 1 and compare it to the spectra of the free ligands bipy and BC. The peaks assigned to the starting material (before irradiation) were absent in the photolysis products thus proving that [Ru(bipy) 2 BC](PF 6 ) 2 underwent a complete conversion in CD 3 CN upon irradiation. 1 H NMR spectra were examined before and aer irradiation to specify which of the ligands dissociate from the metal center, Fig. 4 . The spectrum of the photolyzed solution included chemical shis assigned to the free bipy and BC ligands which indicated that both ligands were prone to ejection from the complex upon light activation. Typically, the straining ligand is more likely to dissociate from the complex due to the weaker ligand eld axis. 24 However, previous studies have described a similar dissociative potential of bipy upon irradiation of the strained complex [Ru(bipy) 2 (dpphen)] 2+ [where dpphen ¼ 2,9-diphenyl-1,10-phenanthroline]. Ejection of the bipy ligand could be favored due to the free rotation around C 2 -C 2 0 axis in addition to the asymmetrical distortions of the octahedral complex. 13, 24 Peaks labeled as a and b ( Fig. 4) refer to the methyl groups on the [Ru(bipy)BC(CD 3 CN) x ](PF 6 ) 2 (where x ¼ 1 or 2) and BC respectively and are generated by different ligand substitution pathways, thus allowing relative signal quantication. Upon ejection of bipy, complex 1 undergoes photosubstitution in dacetonitrile to form [Ru(bipy)BC(CD 3 CN) x ](PF 6 ) 2 (where x ¼ 1 or 2) and bipy. In this case, the two methyl groups of BC are not equivalent and therefore produced signals with equal integration at different chemical shis (Fig. 5a ). The ejection of BC led to the formation [Ru(bipy) 2 (CD 3 CN) x ](PF 6 ) 2 (where x ¼ 1 or 2) and free BC ligand with a characteristic single peak in the aliphatic region attributed to the two equivalent methyl groups (letter b, Fig. 5 ). The 1 H NMR aliphatic peaks pertaining to the methyl substituents of the BC were integrated and relatively-quantied in the photolyzed complex, Fig. 5 . The dissociation ratio was found to be $3 : 1 bipy to BC.
LC-MS studies were conducted to probe the photochemical products of [Ru(bipy) 2 BC]Cl 2 in water. The ESI-MS spectrum of the complex before photactivation (Fig. 6a) (Table 2) were detected aer irradiation (Fig. 6b ). Complex 1 is likely to undergo aquation upon photochemical ligand dissociation in water. However, the number of aqua or hydroxo ligands per Ru center cannot be conrmed by our results because the electrospray ionization used in the LC-MS may alter the aquation process. Upon photoactivation of [Ru(bipy) 2 13 To determine the bipy : BC dissociation ratio in water, a 1 : 1 mixture of the two ligands was prepared as a standard. The bipy : BC ratio found by LC-MS was $3.5 : 1 as deduced from the results of the averaged relative intensity of the peaks. LC-MS data thus correlated with 1 H NMR data and both suggested that dissociation was favoured towards the substitution of bipy by solvent molecules. 1 H NMR (Fig. S1 †) , 13 C NMR (Fig. S2 †) and LC-MS/MS (Fig. 6a ) spectra revealed that complex 1 is kinetically inert in dark conditions and thus can be stored for days without decomposition when protected from light. As previously demonstrated, 13 complex 2 did not undergo any detectable ligand substitution upon irradiation with the blue LED setup used here.
The cellular uptake of complex 1 was measured and values were used to determine the optimal incubation period with the drug prior to photoactivation. Aer 6 to 12 hours of incubation with A549 cells, complex 1 reached a maximum concentration of nearly 2.2 nmol/10 6 cells ( Fig. S9a †) . Assuming that cells have an average volume of 1.7 pL 35 and that the complex is homogeneously distributed within the cell, the concentration of complex 1 is around 1400 mM per cell (Fig. 7a) , which is about 430 times the initial concentration (3 mM). Complex 2 also reached an elevated cellular concentration of around 40 mM per cell aer 12 h (Fig. 7b ), yet was still approximately 35 times lower than complex 1. Transport of complex 2 inside the cell must similarly be facilitated but to a lesser extent. The ligand BC tested independently reached a maximum concentration of 2000 mM per cell with similar kinetic prole as complex 1, Fig. 7a , inset. Complex 1 is therefore considerably concentrated in the cells suggesting a facilitated mode of transport which is likely mediated through the presence of the lipophilic BC ligand.
Puckett and Barton demonstrated that cellular uptake of dppz complexes of Ru(II) was signicantly enhanced by the presence of the lipophilic ligand 4,7-diphenyl-1,10phenanthroline, as evidenced by the increased photoluminescence intensity across the cell. Similarly, these reported results imply that cellular transport of Ru(II) complexes was facilitated by the lipophilic BC ligand. 36, 37 Studies on metal complexes including platinum-and ruthenium-based chemotherapeutics suggested that cellular uptake increased with the lipophilicity of the complexes. 36, 38 The partition coefficient (log P) between the hydrophobic octanol phase and the hydrophilic water phase was thus measured to determine whether the extent of lipophilicity could explain the Fig. 6 ESI-MS spectra of [Ru(bipy) 2 BC]Cl 2 in water, (a) before photolysis and (b) after 35 min photolysis with blue LED (output: 100 mW cm À2 ). Peaks are assigned in Table 2 . results of cellular uptake, Table 3 . The dicationic complex 1 (log P ¼ À1.57) was found to be signicantly more lipophilic as compared to complex 2 (log P ¼ À2.82). The lipophilic property of complex 1, which is largely imparted by the coordinated BC ligand (calculated log P ¼ 6.96), can explain the fast uptake of complex 1 by the cells with accumulated concentration of 0.6 nmol/10 6 cells immediately aer incubation with the drug, Fig. S9a . † The dicationic complex 2 proved to be rather hydrophilic (log P ¼ À2.82), which correlates well with the lower uptake of the complex through the cell membrane. 36 Although cisplatin is only slightly more lipophilic than complex 2 (log P ¼ À2. 21) , studies have recently emphasized the role of active transport in the cellular uptake of this neutral Pt(II) complex. 39 Complex 1 is a potential candidate for PACT owing to its signicant uptake and photochemical properties. However for efficient PACT, the compounds should be active predominantly upon photolysis, thus inducing selective toxicity while minimizing side effects. 40 This is commonly assessed by measuring the difference in cytotoxicity in vitro between dark and light conditions, known as the photoindex or PI (PI ¼ IC 50 dark/IC 50 light). 41 Cellular uptake plateaued aer 12 h for complexes 1 and 2 (Fig. 7) , thus cell survival assays were performed aer a 12 h incubation period with the complexes. In all cell lines tested, the potency of complex 1 improved upon photoactivation. White light, more specically blue light, was reported to induce cytotoxicity in vitro and in vivo as compared to dark conditions. Bonnet and coworkers demonstrated that the viability of certain types of cancer cells, like human malignant melanoma (A375), A549 and MDA-MB-231 cells, decreased when irradiated with blue light and thus highlighted the necessity of including the adequate controls when studying photoactivable anticancer agents. 42 Likewise, Wang and coworkers showed that blue light decreased the viability and mediated the death of human promyelocytic leukemia cells (HL60) in a time-dependent fashion. A 24 hour exposure lead to overproduction of reactive oxygen species (ROS) and mitochondrial depolarization. When tested in vivo, irradiation with blue light caused regression of HL60-xenograed tumors and Western blot analyses proved that the effect resulted from the activation of the mitochondrial apoptosis pathway. 43 In our irradiation experiments, blue light (l ¼ 460 nm, 35 min irradiation at 100 mW cm À2 ) resulted in an average of 35% loss of cell viability versus the dark control, which was consistent with the results of Bonnet on the same cell lines. 42 However cell viability results, under photoexcitation, were assessed against control cells exposed to light on the same plate. 13, 20, 23, 26 In that perspective, the inuence of light, if any, was subtracted from the data allowing the assessment of the effect of drugs. While IC 50 values ranged between 5.55 mM (in MDA-BD-231 cells) and >100 mM (B16-F10 cells) in dark conditions, the values were as low as 0.11 mM (in B16-F10 cells) upon irradiation ( Table 1 ). The response was however particularly signicant in B16-F10 cells where PI > 900, as compared to only 2-11 in the other cell lines ( Table 3 , Fig. 8 ). Complex 1 exhibited substantial PACT potential on B16-F10 cells in view of the high PI which is comparable to the highest reported in the literature 44 and 70-fold lower IC 50 than the prototypical cisplatin (where IC 50 only reached a minimum of 7.70 AE 0.20 mM in B16-F10 cells). The photoproduct of complex 1 was consistently more potent than cisplatin in all cell lines tested indicating that this complex acquired signicant chemotherapeutic properties upon irradiation. When tested on HT-29 cells, cisplatin exhibited a large IC 50 value > 100 mM, suggesting that these cells could have developed resistance to cisplatin. This nding is consistent with Fig. 8 Effect of complexes 1, 2, bipy, BC, and cisplatin on the survival of A549, B16-F10, Caco-2, HT-29, and MDA-MB-231 cells. Treatment was performed with 3-fold dilutions of the complexes and ligands, starting at 120 mM. The cytotoxicity of complexes 1 and 2 was evaluated in both dark and light conditions (blue LED at a power of 100 mW cm À2 ) and all others were kept in the dark. Each experiment was repeated three times and measurements were performed in triplicates. The graphs shown here correspond to a single representative trial.
a published report conrming that colon cancer cells were less responsive to cisplatin treatment possibly due to their potential for DNA repair. 45 Control cell viability experiments were done on normal cells (isolated MSCs). The IC 50 in the dark was 52 AE 13 mM and decreased signicantly down to 0.024 AE 0.002 mM upon exposure to light, Fig. S10 . † These results indicate photoactivatable potential of complex 1 on all tested cell lines, suggesting a lack of intrinsic mechanism of discrimination between normal and cancerous cells. However, it is envisioned that a delicate spatial and temporal control of light delivery can infer selectively in PACT as demonstrated by the high PI of complex 1, Table 3 . The low IC 50 in the dark, which was most notable in MDA-MB-231 cells (5.55 AE 1.45 mM), could have resulted from the geometry of the complex. When studying the binding geometry of [Ru(bipy) 2 phen] 2+ with DNA, Lincoln and Nordén found that the phenanthroline ligand was oriented nearly perpendicular to the DNA double helix and was able to achieve a stacking interaction with the nucleobases. 46 The phenanthroline derivative, BC, in complex 1 is most likely exposed, which could have led to similar interactions with DNA thus mediating dark cytotoxicity. Control experiments showed no differences between the cytotoxicity of complex 1 when the supernatant containing the compound was replaced with fresh medium or kept prior to the photoactivation step. This emphasized the role of cellular uptake in mediating cytotoxicity. In accordance with reported results, complex 2 was neither potent in the dark nor upon light irradiation on all cell lines tested (IC 50 > 100 mM). 12, 13 Complex 2, with similar characteristic MLCT absorption in the blue as complex 1, is a valid control in PACT since it remains both structurally unchanged and biologically inactive upon irradiation. Previous reports demonstrated that [Ru(bipy) 2 phen] 2+ displayed an ordered binding with DNA. 46 However, the poor cellular uptake of complex 2 is likely the limiting factor inducing low cytotoxicity and IC 50 > 100 mM.
The photolysis products of complex 1 are consistently cytotoxic on all tested cell lines. Generally, it is expected that the photochemically generated metal aqua complexes are responsible for the biological effect of the complex, similarly to cisplatin. 47 However, our group and others have demonstrated that the ejected ligand could be potent. [20] [21] [22] Both dissociating ligands, bipy and BC, were therefore included in cell survival studies to investigate their potential cytotoxic effect. While only slightly toxic on MDA-MB-231 cells (IC 50 ¼ 37.5 AE 0.140 mM, Table 3 ), bipy was not potent on all other cell lines tested (IC 50 > 100 mM, Table 3 ). These results were expected since bipy is known to form electrostatic interactions rather than intercalation with DNA. 25 Likewise, BC was consistently inactive against all cancer cells studied (IC 50 > 100 mM), which, however, was not anticipated since BC, unlike bipy, could intercalate DNA and subsequently lead to cell death. 48 To experimentally rule out the lack of uptake, the cellular concentration of BC was measured in cultured A549 cells at different time points. When compared to complex 1 (maximum concentration of 1400 mM per cell aer 12 h, Fig. 7a ), the optimal cellular uptake of BC was achieved aer 3 h and it leveled off at a higher concentration of 2000 mM per cell (Fig. 7a, inset) . BC is therefore effectively transported across the cell membrane. Owing to the high lipophilicity of bipy and BC, with log P values of 1.88 and 6.96 respectively (Table 3) , cellular uptake should not have been compromised for these free ligands. BC is a copper-specic chelator; in the presence of endogenous Cu 2+ or in a medium supplemented with Cu 2+ , it could bind to the metal ion, forming a copper chelate complex. 49 Rabinovitz and coworkers previously demonstrated that 2,9-dimethyl-1,10-phenanthroline (neocuproine), a similar copper chelator, was cytotoxic exclusively when bound to Cu 2+ . Upon incubation of neocuproine with either cells seeded in a medium enriched with Cu 2+ in vitro or in vivo, a signicant chemotherapeutic effect was observed. To prove that the copper chelate was the active complex, they oversaturated the medium with a copper-specic chelating agent, bathocuproine sulfonate (BCS). This led to normal cell growth and thus conrmed that neocuproine is dependent on the presence of copper for inducing cytotoxicity. 50, 51 Typically cuprous compounds, which result from the intracellular reduction of cupric precursors, are signicantly more potent and oen deemed the active species. 52, 53 McMillin and coworkers have reported the interaction of Cu(BC) 2 + with DNA and described a nonclassical mode of binding involving bridging structures that lead to DNA aggregation and elongation without intercalation. [54] [55] [56] However, we recently tested the cytotoxic effect of [Cu(BC) 2 ] + in the dark, and the IC 50 values obtained (21.8 and 25.5 mM in A549 and A375 cells, respectively) reected moderate to low toxicity compared to cuprous neocuproine complex (IC 50 of 0.9 and 1.8 mM on A549 and A375 cells, respectively). These results indicated that, unlike neocuproine, the activity of BC is not considerably enhanced by the presence of copper. 26 Therefore, the potency of complex 1 photoproducts was primarily attributed to the formed ruthenium aqua complexes and to a less extent the dissociating ligands, bipy and BC. The photoproducts may possibly have synergistic effect on the various tested cells, leading to the high potency aer light irradiation. Numerous studies have indicated the role of metal aqua complexes in mediating cytotoxicity through DNA interaction and/or modication. 15, 57 The in vitro mechanism of death induced by complex 1 was determined on B16-F10 cells using Annexin V/PI staining. In dark conditions, $26% of the cells stained positive for annexin V and negative for PI whereas 21% of the cells stained positively for both annexin V and PI (Fig. 9b ). The precursor appeared to induce apoptosis as cells are distributed between living (annexin V and PI negative), early apoptosis (annexin V positive and PI negative) and late apoptosis/necrosis (annexin V and PI positive). 58 Upon photoactivation of the complex, the percentage of cells that were annexin V and PI positive increased to $90% (Fig. 9c ). Due to the lack of cells undergoing early apoptosis in the lower right quadrant (annexin V positive and PI negative), the mechanism of cell death of the photolysis products could be through either late-apoptosis or necrosis. It is worth mentioning that the photoactivation of the complex considerably enhanced the percentage of cells undergoing cell death, which is in accordance with the results of the cell survival assay.
To further assess the effect of complex 1 on DNA, gel electrophoresis was performed on pUC8 plasmid, Fig. 10 . At low concentration of the precursor complex (in dark conditions, lane 2), DNA migrated slower than the untreated pUC8 plasmid control (lane 1). These results suggest binding of complex 1 to plasmid DNA and possibly, intercalation, as observed with other compounds like cisplatin. 59 Similarly, EtBr intercalation decreased at low concentrations of the photoactivated complex (Fig. 10, lane 3) whereas EtBr signal was completely lost at high concentrations of both the precursor and the photoproducts (lanes 4 and 5 respectively). Such behavior strongly suggest binding to DNA which likely changes in structure, charge, and molecular weight while hindering the intercalation of EtBr. 60 These results therefore imply that binding of the complex to DNA is not exclusively photoinduced and that the precursor molecule is capable of interacting with nucleic acids. This is potentially due to the presence of BC ligand in complex 1, which facilitates interaction with DNA nucleobases 46 leading to the dark cytotoxicity ( Fig. 8 , Table 3 ).
The cell death induced by complex 1 in both dark and light conditions could correlate with the observed DNA interactions. Apoptosis is typically one of the major mechanisms that lead to cell inactivation in response to DNA damage. 61 Many signaling pathways are involved, including p53-mediated activation of pro-apoptotic factors as a result of DNA double-stranded breaks, MAP-kinase activation, and the capacity for DNA repair. [62] [63] [64] It was previously demonstrated that Ru(II) anticancer drugs can trigger DNA damage which in turn activates apoptosis via the intrinsic pathway. 65 Zhang and coworkers reported the intercalative potential of Ru(II) polypyridyl complexes which were shown to induce apoptosis in A549 cells, as concluded from ow cytometric studies. 66 Likewise, Xu and his colleagues found that Ru(II) bipyridyl complexes were capable of DNA intercalation and photo-induced DNA cleavage and described an apoptosismediated death of human hepatocellular carcinoma cells (BEL-7402). 67 Many other studies on Ru(II) anticancer drugs have reported a similar intersection between DNA damage and apoptosis. [68] [69] [70] Further in vitro experiments are currently underway to investigate the cascade of events and molecular mechanisms of action associated with Ru(II) polypyridyl complexes.
Conclusions
Owing to their tuneable photophysical and photochemical properties, Ru(II) polypyridyl complexes and particularly those having a distorted octahedral geometry are attractive for PACT. Upon MLCT photoexcitation of complex 1, both bipy and BC were ejected at a ratio of 3 : 1, respectively. The formed Ru aqua complexes were likely the origin of the photocytotoxicity. The potential of this complex in PACT appeared to be cell-line dependent, as evidenced by disparate PI values. Cell death mechanism with complex 1 is most likely occurring through apoptosis in the dark and late-apoptosis or necrosis upon irradiation. Both the precursor and the photoproducts of complex 1 are likely to bind DNA leading to cellular damages. Complex 1, on the other hand, proved to be photostable and was relatively Fig. 9 Analysis of the mechanism of complex 1-mediated cytotoxicity in B16-F10 cells using Annexin/PI staining on a flow cytometer. (a) Control: no treatment, (b) cells treated with 10 mM of the complex and incubated for 24 h in the dark, (c) cells treated with 10 mM of the complex and irradiated for 35 min using the blue LED system at an output of 100 mW cm À2 . FL1-H: Annexin staining, FL2-H: PI staining. less potent in both dark and light conditions, which could be partly attributed to its low uptake into the cells. Finally, the design of Ru(II) polypyridyl prodrugs with lipophilic ligands is of prime importance to ameliorate cellular uptake, a cornerstone towards efficient photochemotherapy.
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